Introduction
============

Oligoarenes are long pi-conjugated systems commonly used in a wide range of functional materials such as organic photovoltaics, dendrimers, and self-assembling polymers.[@cit1] They are also useful as precursors of more complex polyaromatic hydrocarbons and graphene nanoribbons.[@cit2] Over the past few decades, tremendous progress has been made in the development of protocols for the synthesis of oligoarenes and polyphenylenes.[@cit3] In this field, functionalized chiral oligoarenes bearing multiple stereogenic axes are particularly attractive for materials sciences, but their efficient enantioselective synthetic access remains a challenging task.[@cit4] In the few reported methods, proximal stereogenic axes are positioned on the same central aromatic core either on a 1,2- or on a 1,4-relationship as in teraryl or bis-styryl derivatives, respectively, or on a carbon--carbon double bond in a vicinal fashion ([Scheme 1a](#sch1){ref-type="fig"}). This is the case in the pioneering contributions of the groups of Tanaka and Shibata exploiting metal-catalyzed enantioselective \[2 + 2 + 2\] cycloadditions of achiral alkynes.[@cit5] More recently, Sparr\'s[@cit6] and Zhou\'s[@cit7] groups astutely combined enantioselective organocatalytic activation with chirality conversion[@cit8],[@cit9] to control oligo-1,2-naphthylenes or 2,3-diarylbenzoindoles, respectively. Complementarily, Yan[@cit10] and co-workers developed an enantioselective organocatalyzed addition of arylsulfinates to an *in situ* generated vinylidene *o*-quinone methide[@cit11] for the synthesis of vicinal atropisomeric styrenes. Quite surprisingly, very little attention has been paid to the enantioselective synthesis of oligoarenes featuring two C--C stereogenic axes positioned on two distal aromatic rings also found in naturally occurring michellamines ([Scheme 1b](#sch1){ref-type="fig"}).[@cit12] In this field, Hayashi\'s seminal contribution employed an enantioselective double Kumada cross-coupling leading to symmetrically substituted ternaphthalene derivatives.[@cit13],[@cit14] This lack of methodologies for the enantioselective synthesis of diversely functionalized chiral oligoarenes, especially in the heteroaromatic series, leaves space for a huge untapped potential. To fill this gap, we report a new bidirectional enantioselective synthesis of bis-benzofuran atropisomeric oligoarenes featuring two distal C--C stereogenic axes.

![Enantioselective synthesis of bis-atropisomeric oligoarenes featuring either proximal (a) or distal (b) stereogenic axes.](c9sc04378k-s1){#sch1}

Results and discussion
======================

Our complementary bidirectional strategy starts from simple achiral and easily accessible distal dihydroxy arene derivatives **1** and chloronitroalkenes **2** ([Scheme 2](#sch2){ref-type="fig"}). Upon oxidative aromatization of bis-dihydrobenzofurans **3**, a double central-to-axial chirality conversion would deliver the expected optically active S-shaped or E-shaped challenging atropisomeric bis-benzofurans **4** featuring two distal stereogenic axes. Moreover, the relatively large distance between both chiral axes of these new functional polyaromatic scaffolds will forge an interesting helically shaped molecular structure. The success of this approach lies in the combination of a two-fold diastereo- and enantio-selective organocatalyzed domino heterocyclization with double oxidative aromatization resulting in central-to-axial chirality conversion developed by our group.[@cit15] Moreover, it is expected that these two successive catalyst-controlled domino heterocyclizations would benefit a chiral amplification based on the Horeau principle,[@cit16] ensuring very high optical purities. Atropisomeric species built on a five-membered ring are quite difficult to construct in a stereoselective manner because of their lower configurational stability.[@cit17] Consequently, the synthesis of molecules displaying two fused benzofuran atropisomers would be even more rewarding.

![Bidirectional central-to-axial chirality conversion for the synthesis of S- and E-shaped bis-benzofuran atropisomeric oligoarenes **4**.](c9sc04378k-s2){#sch2}

![Control of the central chirality in bis-dihydrobenzofurans **3**.[@cit19]](c9sc04378k-s3){#sch3}

To validate these assumptions, we targeted first the synthesis of bis-dihydrobenzofurans **3** based on the enantioselective domino Friedel--Crafts-O-alkylation reaction between commercially available 2,6-dihydroxynaphthalene (**1a**) and various *ortho*-substituted (*Z*)-(2-chloro-2-nitroethenyl)benzenes (**2**).[@cit18] The use of the chiral bifunctional squaramide-tertiary amine organocatalyst (*R*,*R*)-**I** in combination with a weak inorganic base (K~2~HPO~4~) allowed the synthesis of the desired products **3a--k**, with good to excellent diastereoselectivity and an exceptional level of enantiodiscrimination (96 to \>99% ee), clearly indicating the beneficial role of the Horeau chiral amplification principle.

Importantly, the bidirectional domino bis-heterocyclization proceeds smoothly twice under catalyst control delivering mainly chiral diastereomers. However, in some cases, we observed the formation of minor *meso* diastereomers (**3c**, **3e**, **3h** and **3i**) as a result of a competitive substrate-controlled reaction due to the bulkiness of the aryl substituent.[@cit20] Many different functional groups are well tolerated in this reaction such as electron-withdrawing substituents (**3a--d**, **3f**, and **3j**) and electron-donating ones (**3e**, **3g**, and **3h**). The introduction of a 1-naphthalenyl group in **3i** was possible with excellent levels of diastereo- and enantio-selectivities, albeit in lower yield (50%). The use of anthracene-2,6-diol (**1b**) as the starting material gave the desired fused bis-dihydrobenzofuran **3k** in good yield as virtually a single enantiomer (\>20 : 1, \>99% ee). To further investigate the scope of the reaction, 2,3-dihydroxynaphthalene (**1c**) was used as the tetra-nucleophilic partner, leading to products **3l--n**. In these cases, the closer proximity of the reactive sites results in a deeper impact of the aryl moiety in **2** toward the steric control of the reaction. A rather small methyl ester function gave very good enantioselectivity (95% ee) but a lower diastereoselectivity (3.8 : 1 dr) arguing for a mismatch situation between catalyst **I** and the mono-dihydrobenzofuran intermediate during the second heterocyclization to **3l**. A decrease of the enantioselectivity was observed when the size of the aryl substituent increased (81% ee and 70% ee for products **3m** and **3n** with 2-Cl-C~6~H~4~ and 2-Br-C~6~H~4~, respectively). In these two cases, the enantiodiscrimination of the first step is not as efficient, possibly due to the proximity of the two OH functions, which could disturb the hydrogen-bond network in the transition state. Despite the poor diastereoselectivity in these last few cases, both diastereomers could be easily separated by chromatography on silica gel to be engaged in the following oxidative chirality conversion step. The absolute configuration of **3f** was determined to be (*S*,*S*,*S*,*S*) by single crystal X-ray crystallographic analysis.[@cit21] On this basis and with the literature precedent,[@cit22] a plausible transition state is depicted in [Scheme 4](#sch4){ref-type="fig"}. The Michael acceptor **2f** is activated by the squaramide moiety of cat. **I** while a hydrogen bond is established between the tertiary amine of cat. **I** and the hydroxy function of **1a**. In this rigid hydrogen bond network, a Michael addition of **1a** on the *Si* face of nitroalkene **2f** would afford the adduct **A**. Then, a base promoted O-cyclization would give the *trans*-dihydrobenzofuran **B**. A second organocatalyzed domino Michael/O-cyclization sequence from **B** delivered the observed (*S*,*S*,*S*,*S*)-**3f**.

![Proposed mechanism and transition state for the enantioselective synthesis of bis-dihydrobenzofurans **3**.](c9sc04378k-s4){#sch4}

Next the investigation of the double central-to-axial chirality conversion was carried out. The use of manganese dioxide in toluene at 0 °C allowed the clean formation of the desired S-shaped bis-benzofuran atropisomers in the naphthalene series with very good yields and good to excellent enantiomeric excesses ([Scheme 5](#sch5){ref-type="fig"}, **4a--i**: 91 to \>99% ee). Bis-benzofuran **4j** featuring a sterically congested *o*,*o′*-disubstituted aryl moiety is nevertheless obtained albeit with reduced yield (41%) and diastereoselectivity (3.6 : 1 dr) but still an acceptable 90% ee. In contrast, the oxidation of **3k** with an anthracenyl central core gave the desired bis-benzofuran **4k** in good yield and almost perfect diastereo- and enantio-selectivities, positioning both stereogenic axes further away from each other. Finally, E-shaped bis-benzofuran atropisomers **4l--n** with 2,3-dihydroxynaphthalene cores were obtained with similar efficiency and no erosion of the enantiomeric excess during the double conversion of chirality. The absolute configuration of product **4b** was unambiguously determined to be (*aS*,*aS*) by X-ray diffraction techniques,[@cit23] accounting for a similar oxidation mechanism proposed in our previous work,[@cit15b] following the Curtin--Hammett principle ([Scheme 6](#sch6){ref-type="fig"}). Hence, the two conformers **3A** and **3A′** are in equilibrium with a preference for **3A′** where the sterically demanding group (blue ball) points outside from the furan subunit (see the X-ray result of **3f**, [Scheme 3](#sch3){ref-type="fig"}). This most stable conformation **3A′** is apparently the least reactive under the oxidation conditions, because the hydride is shielded rendering the approach of the hydride acceptor (MnO~2~) unfavorable. The result is the fast generation of the oxocarbenium ion intermediate **3B**. Subsequent deprotonation of the acidic hydrogen atom in **3B** gives the enantioenriched **3C** with efficient central-to-axial chirality conversion. Finally, iteration of this oxidative pathway from **3C** gives the expected bis-furan atropisomer **4A**. The *meso* compound **4B** could come from unfavorable stereoselection in either the first or the second oxidation step, while the minor enantiomer **4C** could be obtained by two successive unfavorable stereoselections.

![Scope of the double central-to-axial chirality conversion.[@cit19]](c9sc04378k-s5){#sch5}

![Mechanism of oxidation.](c9sc04378k-s6){#sch6}

Based on the unique double catalyst-controlled bidirectionality of the process, we next target a stereodivergent approach leading to non-symmetrically functionalized S-shaped bis-atropisomeric oligoarenes ([Scheme 7](#sch7){ref-type="fig"}).[@cit24] This important feature has been addressed only once concerning molecules with multiple stereogenic axes.[@cit6b]

![Stereodivergent synthesis of S-shaped bis-atropisomeric oligoarenes.[@cit19]](c9sc04378k-s7){#sch7}

Accordingly, we investigated the possibility of incorporating two different aryl groups and access to both diastereomers. First, the mono-functionalization of 2,6-dihydroxynaphthalene (**1a**) with 1 equiv. of chloronitroolefin **2a** (Ar = 2-Cl-C~6~H~4~) and catalyst (*R*,*R*)-**I** in a mixture of CHCl~3~/THF (10 : 1) allowed the formation of the expected mono-dihydrobenzofuran **5a** bearing a 2-chlorophenyl group in 55% yield and with excellent diastereo- and enantio-selectivities (\>20 : 1 dr, 96% ee). The second dihydrobenzofuran motif was constructed using the analogue **2f** (Ar = 2-CO~2~Me-C~6~H~4~). The same catalyst gave the (2*S*,3*S*,7*S*,8*R*)-**3o** product in good yield (80%) and excellent stereoselectivity, while its enantiomer (*S*,*S*)-**I** produced the diastereomer (2*R*,3*R*,7*S*,8*R*)-**3o** in equally good yield (78%) and with perfect stereocontrol indicating absolutely no mismatch effect between **5a** and the (*S*,*S*)-**I** catalyst. Then the oxidation step was accomplished on both diastereomers of **3o**. Gratifyingly, the corresponding bis-benzofuran atropisomers (*aS*,*aS*)-**4o** and (*aS*,*aR*)-**4o** were obtained in good yields and excellent stereocontrol, with only a slight erosion of the diastereomeric ratio for (*aS*,*aS*)-**4o** (17 : 1 dr). Moreover, this non-symmetric synthesis shows the possibility of constructing original functionalized π-conjugated push--pull systems, with high potential in materials science.[@cit25]

Finally, a step forward was taken by synthesizing more complex oligoarenes bearing two stereogenic axes even more distant form each other. This was possible starting from bis-naphthobenzofurandiols **1d** and **1e**. Compounds **3p** and **3q** were obtained in low yields (26% and 35%, see the ESI[†](#fn1){ref-type="fn"}) and still good to excellent enantioselectivity for the chiral diastereomer (88% and 98% ee) but with an unusual amount of the *meso* one (1 : 1.4 and 3 : 1 dr). Nevertheless, the chiral diastereomers could be separated by chromatography and engaged in the oxidative aromatization step ([Scheme 8](#sch8){ref-type="fig"}). Thus, the extended bis-benzofuran atropisomeric oligoarenes **4p** and **4q** were obtained in very good yields without erosion of the enantiomeric excess, accounting for a perfect double central-to-axial chirality conversion.

![Synthesis of more complex bis-benzofuran atropisomeric oligoarenes **4p** and **4q**.[@cit19]](c9sc04378k-s8){#sch8}

Conclusions
===========

We have developed a unique bidirectional catalyst-controlled methodology allowing highly enantioselective access to hitherto unknown S- and E-shaped bis-benzofuran atropisomeric oligoarenes featuring two distal C--C stereogenic axes. The key feature lies in a successful double central-to-axial chirality conversion after organocatalyzed activation of simple and easily accessible achiral fused dihydroxyarenes and functionalized nitroolefins. This makes possible an unusual stereodivergent approach to these valuable new molecules featuring two different distal axes of chirality.
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